1. Introduction {#sec1}
===============

Classical swine fever (CSF), also known as hog cholera, is a highly contagious and fatal viral disease in pigs caused by the classical swine fever virus (CSFV). The World Organization for Animal Health (OIE) classifies CSF as a specific hazard of importance in international trade ([@bib17]). Any outbreak has to be reported, because it can severely affect pork exports from the whole country affected. It has been causing serious problems in pig industry in various parts of the world ([@bib14]; [@bib24]). CSFV is a member of the genus *Pestivirus* within the family *Flaviviridae* ([@bib27]) ([@bib1]). The CSFV virion is an icosahedral particle. The electron density is very high in the inner core structure of about 30 nm. This is surrounded by a globular envelope with diameters ranging between 40 and 60 nm ([@bib12]) ([@bib13]). CSFV spreads by contacts among live pigs, or by feeding pigs with contaminated pig meat. Once the virus breaks out, it severely diminishes pork exports from the region concerned and thus leads to substantial financial loss. Vaccination is one of the measures to control CSF. However, this leads to problems, when aiming to detect CSFV by indirect enzyme-linked immunosorbent assay (ELISA): this method cannot distinguish between pigs that have been vaccinated and those infected with wild type CSFV, because the animals of course produce antibodies against CSFV after vaccination. Therefore, both infected and vaccinated animals will yield positive ELISA results. Furthermore, ELISA tests may cross-react with other pestiviruses, such as border disease virus (BDV), and bovine viral diarrhea virus (BVDV) ([@bib18]) ([@bib25]). Finally, ELISA tests require following somewhat complex protocols.

Given the high economic impact, there is an extensive body of research on analyzing CSFV. Detection strategies include a variety of methods, such as loop mediated isothermal amplification (LAMP) ([@bib26]), flow cytometry ([@bib6]), and reverse transcriptase polymerase chain reaction (RT-PCR) analysis ([@bib19]). However, such methods are often time-consuming and come with high instrument and maintenance costs. Moreover, there are also reports on sensing CSFV utilizing e.g. Surface Plasmon Resonance (SPR) investigating the interaction between CSFV and serum antibody on sensor chip surfaces in relative time ([@bib15]). Another approach utilizes anti-CSFV IgG deposited on magnetoelastic (ME) sensors. The recognition reaction leads to mass changes and hence significant change in resonance frequency of the biosensor ([@bib5]). Furthermore, Lu et al. introduced a colorimetric split G-quadruplex DNAzyme to sense CSFV RNA ([@bib10]).

All those sensors rely either on amplifying genetic material of CFSV, or on recognition systems that originate from nature. However, when aiming at bringing sensors to markets, such natural systems are not optimal regarding their limited ruggedness and the possibility to upscale production processes. Addressing those points, molecularly imprinted polymers (MIPs) ([@bib21]; [@bib31]) are the result of template-directed synthesis that leads to structures with excellent recognition of the respective target species. This comprises both their shape and functionality on the surface. MIP are usually inexpensive and yield high affinity and selectivity reaching those of natural receptors. They combine stability and straightforward preparation. This makes them interesting for sensing biological species ([@bib8]) among other analytes. Quartz Crystal Microbalance (QCM) is a transducer that measures small mass changes on the sensor surface. Coating it with MIPs has led to powerful sensors ([@bib3]). Especially surface imprinting is of interest, because it creates binding cavities of the target directly on the surface of a cross-linked polymer layer, which makes it comparably easy to remove the template ([@bib4]). There is a variety of literature on MIP-based QCM sensors for biospecies demonstrating their feasibility in principle: Recent examples include sensors towards bovine serum albumin ([@bib20]), a sensor based on the dopaminergic receptor ([@bib16]), toward *Escherichia coli* ([@bib22]), influenza A virus ([@bib30]), and Dengue virus ([@bib9]). In the light of previous work, we herein report on designing MIP-QCM sensors to detect CSFV (see [Figure 1](#fig1){ref-type="fig"}). This is also interesting among others, because it draws the focus on animal pathogens rather than human diagnostics, which potentially opens up new application scenarios. One can expect such systems to be good-value: the reagents needed for manufacturing MIP are usually bulk chemicals. Quartz blanks come at a cost of roughly 1€/substrate. Therefore, it is realistic to assume that one sensor costs well below 10€. Read-out systems are feasible at costs of a few hundred to a few thousand Euros (or a bit higher), depending on the needs of the customer and manufacturing numbers.Figure 1Schematic representation of preparing MIP-QCM sensors.Figure 1

2. Materials & methods {#sec2}
======================

2.1. Chemicals and materials {#sec2.1}
----------------------------

The monomers acrylamide (AAM), methacrylic acid (MAA), methyl methacrylate (MMA) and N-vinylpyrrolidone (VP), the cross-linker dihydroxyethylene-bisacrylamide (DHEBA), the initiator 2, 2′-azobis (isobutyronitrile) (AIBN), and dimethyl sulfoxide (DMSO) were purchased form Sigma-Aldrich and VWR, respectively, in highest available purity for synthesis or analytical purity. To prepare MIP, we utilized classical swine fever (Hog cholera) live vaccine from Green Cross Veterinary Products Co., Ltd., Korea, as the template CSFV: in contrast to wild types, these are non-pathogenic and can be handled more easily. Porcine reproductive and respiratory syndrome virus (PRRSV) and pseudorabies virus (PRV) were isolated from cell culture-derived PRRSV and PRV provided from BF feeds company, Thailand. 0.1 M PBS buffer pH 7.4 served for preparing the PRRSV and PRV samples. All virus preparations required laboratories on biosafety level 1. For frequency measurements, we utilized a network analyzer (Agilent Technologies E5062A ENA series), laboratory power supplies (EA-PS 2032-025), and a frequency counter (Agilent Technologies 53131A).

2.2. Preparation of virus {#sec2.2}
-------------------------

All experiments relied on CSFV from vaccine: this contains live attenuated virus at a concentration of 10^3^ medium Tissue culture Infectious Dose estimation (TClD~50~/mL) converted to μg/mL by using nanodrop spectrophotometer at λ = 280 nm. For preparing MIP, we used the CSFV vaccine as received, i.e. without any workup/pretreatment. PRRSV and PRV for selectivity tests were isolated from cell culture: Briefly, for that purpose we froze infected cell culture medium to -20 °C followed by thawing at room temperature, and repeated this cycle for 3 times. Afterwards, we centrifuged at 5000g and 4 °C for 30 min. After collecting the supernatant and discarding the pellet, we added dimethicone (PEG 8000) to the supernatant until reaching a final PEG concentration of 10 %, stirred gently at 4 °C, overnight, centrifuged at 10800g and 4 °C for 30 min, collected the pellet, and re-suspended it in TNE buffer. Then we separated the virus from other components in the pellet by using sucrose gradient 10--60% in an ultracentrifuge tube and overlaying it with the pellet solution. During centrifugation, a white ring formed in the tube, which contains the virus. We collected that phase by the means of an injection needle followed by washing the pellet by adding PBS buffer pH 7.4 and centrifugation at 10,800 g and 4 °C for 60 min. Virus stock solutions comprised of these pellets re-suspended in PBS buffer and stored at -20 °C until use. Scanning electron microscopy (SEM) served to characterize the viruses and to confirm their size and shape before sensor experiments. All these experiments took place in a strictly controlled laboratory (biosafety level 1).

2.3. Preparing quartz crystal microbalances {#sec2.3}
-------------------------------------------

For depositing Au electrodes on 10 MHz AT-cut quartz plates with 13.8 mm in diameter (purchased from Roditi Inc., United Kingdom), we used a previously published procedure ([@bib2]). Briefly, the process comprised of screen-printing the respective dual--electrode structures with 5 mm diameter and 19.62 mm^2^ area each using brilliant gold paste and burning them at 400 °C for 4 h to remove organic components and reveal the blank gold electrodes. After electrode deposition, we characterized all QCM sensors by recording their respective damping spectra around the resonance frequency with a network analyzer (Agilent Technologies E5062A ENA series).

2.4. Polymer synthesis {#sec2.4}
----------------------

For synthesizing MIP, we relied on a previously published polymer system that proved highly suitable for sensing influenza virus particles ([@bib30]). Briefly, the mixture contained four different monomers, AAM (13 mg; 101.6 μmol), MAA (10.6 μl; 65.8 μmol), MMA (6 μl; 31.2 μmol), VP (6.3 μl; 31.2 μmol). To this, we added DHEBA (47 mg; 130.4 μmol) as a crosslinking agent and 300 μl of dimethyl sulfoxide (DMSO) in a 1.5 mL Eppendorf tube and mixed well. Finally, we added AIBN (1 mg; 3.4 μmol) as an initiator followed by ultrasonication for 1 min to remove dissolved gasses and then stirring at 70 °C for approximately 30 min until just prior to reaching the gel point. These pre-polymers remained refrigerated at 4 °C for CSFV imprinting.

2.5. Preparing MIP-QCM sensors {#sec2.5}
------------------------------

Before imprinting, it was necessary to clean QCM electrodes with 70% aqueous ethanol solution followed by drying at room temperature. Then, we spin-coated 2 μl of pre-polymer solution on the two electrodes each at 1000 rpm for 35 s to obtain flat oligomer thin films. In parallel, we drop-coated 5 μl CSFV solution from vaccine onto a glass slide roughly 0.5 cm × 0.5 cm in size and incubated for 2 h in a refrigerator before stamping it onto the oligomer thin film on the working side of the QCM. Leaving the prepared devices under UV light (λ = 312 nm) overnight and washing the template with 10% v/v of (acetic acid for 3 h followed by distilled water for 1 h) led to the final devices. The reference side containing the NIP was prepared in the same way except for leaving out the template (see [Figure 2](#fig2){ref-type="fig"}B). This allows for compensating any frequency effects of fluctuating temperature, liquid density, or viscosity, because these effects contribute equally to the signals on both channels. The approach resulted in layers roughly 100--200 nm thick. Furthermore, we characterized MIP and NIP surfaces by scanning electron microscopy.Figure 2SEM images of (A) CSFV particles from CSFV vaccine with particles were size between 30-60 nm. (B) MIP and NIP side on gold surface. (C) CSFV imprinted on polymer (MIP) surface show small cavities (roughly 2.22 cavities/μm^2^) with average sizes 59 nm. (D) Non-imprinted polymer (NIP), i.e. blank co-polymer surface.Figure 2

2.6. Sensor measurements {#sec2.6}
------------------------

For sensor measurements, we connected the QCM to a custom-made dual oscillator for active measurements. A Frequency counter (Agilent Technologies 53131A) read out the frequencies of the two channels as a function of time. A homemade software transferred this data to a PC. Before exposing sensors to samples, we left them to equilibrate in water or the background buffer, until they reached stable baseline at room temperature. Then we carried out the following sequence of steps: First, we loaded 100 μl of CSFV suspension into the measuring cell, so that the virus could attach to the respective polymer layers. During this step, we recorded the corresponding change in frequency signal. After the signal reached stable value, we paused the read-out software and washed the cell by loading it repeatedly with DI water and removing it again for 10 times or more. Then, we re-started the software to observe the signal return to the base line position. During sensitivity measurements, we repeated these steps using suspensions containing different amounts of the virus. In the case of selectivity testing, we used PRRSV and PRV instead and compared their responses to those of CSFV. All measurements took place in triplicate.

2.7. Characterization of CSFV and MIP {#sec2.7}
-------------------------------------

We recorded all SEM images on a Quanta 450 FEI scanning electron microscope. Secondary electrons were generated at 25 keV and EDS (Energy Dispersive X-ray Spectroscopy). CSFV samples were dropped on the glass slide and dehydrated with ethanol series by subsequent exchanges of dilutions in distilled water (25, 50, 75, 100 % EtOH). Then, the virus was dried with critical point drying (CRD) to protect its surface structures from shrinking and collapsing. CSFV and polymers, respectively, were coated with carbon to obtain conductive surfaces before scanning.

3. Results and discussion {#sec3}
=========================

3.1. CSFV-MIP surface characterization {#sec3.1}
--------------------------------------

In a first step, it was necessary to confirm that the MIP surface contains actual virus imprints. [Figure 2](#fig2){ref-type="fig"}A shows SEM images of a CSFV stamp surface: It clearly reveals globular structures with 30--60 nm diameter at 100000 times magnification, which corresponds well to the known size of CSFV ([@bib12]). For instance, [@bib29] reported that CSFV particles purified from cell culture by ultrafiltration are around 50 nm in diameter. In addition, one can see both separate and aggregated CSFV particles on the glass surface, respectively. [Figure 2](#fig2){ref-type="fig"}C shows a MIP layer after removing CSFV particles. It reveals surface cavities with an average diameter of d = 59 nm. The image allows for estimating cavity density equal to roughly 2 cavities/μm^2^. This leads to an estimate of 4.4 × 10^4^ cavities per MIP electrode. However, these figures only estimate the order of magnitude: actually "calibrating" those surfaces would require calculating the average results of a large number of SEM images, which is beyond the scope of this article. In contrast to this, the NIP surface does not reveal any cavities (see [Figure 2](#fig2){ref-type="fig"}D). Therefore, SEM analysis clearly demonstrates successful structuring of the MIP surfaces.

3.2. MIP sensor responses {#sec3.2}
-------------------------

However, generating cavities that correspond to the diameter of CSFV *per se* is not sufficient. The cavities also need to incorporate the virus and bind it selectively to make them useful for sensing. [Figure 3](#fig3){ref-type="fig"}A shows the QCM sensor responses both of MIP and NIP, respectively, when exposed to different concentrations of CSFV. First, the frequency shifts obtained for MIP are higher than those for NIP at all CSFV concentrations: for instance, at c = 21 μg/mL CSFV, the frequency response of the MIP channel is six times larger, than the corresponding reference signal of the NIP, thus demonstrating an imprinting factor of the same size. As in previous MIP for viruses, one can expect that such binding being the result of both adapted cavity size and template-directed generation of a non-covalent binding network in the polymer. The latter comprises functional groups that optimally interact with the outer shell of the template species. The MIP QCM sensors show frequency signals down to c = 4 μg/mL CSFV, but not below this concentration ([Figure 3](#fig3){ref-type="fig"}A). Furthermore, all frequency responses are fully reversible after washing the sensors with distilled water. [Figure 3](#fig3){ref-type="fig"}B sketches the sensor characteristics resulting from this MIP-QCM sensor. It reveals linear relationship in the concentration range 4--21 μg/mL CSFV. It does not make sense to test higher levels: first, the upper detection limit of a sensor is not important for rapid screening of possible infection in pigs. Second, all measurements rely on vaccine, which thus represents the highest CSFV concentration available for this study. Limit of detection (LOD) and limit of quantitation (LOQ) of MIP sensor based on QCM measurement were calculated from the equation in [Figure 3](#fig3){ref-type="fig"}B, that plots the frequency shifts against the corresponding concentrations between 4 - 21 μg/mL with R^2^ = 0.9963. Calculation reveals LOD = 1.7 μg/mL with responses of resonance frequency about 38 Hz/μg/mL. The respective LOQ is 5.1 μg/mL, respectively. Therefore, the LOD we reached is slightly higher than in a study that measured CSFV by using anti-CSFV IgG immobilized on a magnetoelastic sensor (ME): that work reveals sensitivity of about 95 Hz/μg/mL, with a detection limit of 0.6 μg/mL ([@bib5]). It also relies on artificial recognition and straightforward transducers. This clearly demonstrates that such biomimetic approaches indeed can reach the response characteristics of natural receptors such as IgG.Figure 3(A) Sensor responses of MIP to difference concentration of CSFV. (B) Sensor characteristic of Figure 3A based on the difference in frequency shifts between MIP and NIP (R^2^ = 0.9963).Figure 3

3.3. Selectivity and reproducibility {#sec3.3}
------------------------------------

In addition to sensitivity, selectivity of CSFV-MIP and the control NIP is also a key parameter for characterizing the sensors. We therefore compared the sensor responses towards three types of virus, namely CSFV, PRRSV, and PRV. [Figure 4](#fig4){ref-type="fig"} shows the results: it reveals that the frequency responses to CSFV (21 μg/mL) are substantially larger than those PRRSV (3 μg/mL) and PRV (6 μg/mL), respectively. Normalizing those responses to the same concentration -- 3 μg/mL -- leads to the data shown in [Figure 4](#fig4){ref-type="fig"}B. It clearly demonstrates that CSFV-MIP sensors bind CSFV with selectivity factors of 2 over PRRSV and 62 over PRV. Obviously, not only particle diameters determine selectivity: the average PRRSV particle diameter is d = 70 nm ([@bib28]), which is somewhat larger than that of CSFV (d = 50--60 nm) ([@bib12]). Given the size distribution, one can expect that some PRRSV virions fit into cavities on the CSFV-MIP, which leads to minor frequency responses to PRRSV. Furthermore, it is a bit more affine to the polymer, as shown by the frequency shifts of the NIP-coated electrode. This slightly higher inherent affinity of PRRSV makes the selectivity of the MIP even more remarkable. In contrast, PRV are about d = 200--250 nm in diameter ([@bib23]), which of course makes them substantially larger than CSFV-MIP cavities. Overall, the MIPs hence lead to very appreciable selectivity between these three pig pathogens.Figure 4Sensor responses of MIP and NIP (A) to select with difference of virus; 21 μg/mL of CSFV, 3 μg/mL of PRRSV and 6 μg/mL of PRV. (B) Response pattern of MIP-QCM sensor towards CSFV, PRRSV, and PRV.Figure 4

Finally, [Figure 5](#fig5){ref-type="fig"} summarizes reproducibility of the sensor responses: exposing a CSFV MIP sensor repeatedly to suspensions containing 21 μg/mL CSFV reveals almost constant sensor responses, namely -2127, -2046, and -2011 Hz, respectively. Furthermore, sensor signals turned out fully reversible: any bound virion particles detached from the MIP surfaces when flushing the system with distilled water.Figure 5Reproducibility of MIP sensor repeatedly tested for 3 times of 21 μg/mL of CSFV samples.Figure 5

4. Conclusion {#sec4}
=============

The huge flexibility of MIP synthesis allows for designing recognition systems towards pathogens in comparably short time to make them accessible for rapid analysis. In that sense the MIP/QCM sensor demonstrated herein opens up one way for rapid testing of CSFV, an animal pathogen. Of course, it represents first proof of concept rather than a final product. It is of interest, however, that in this case one can use the vaccine for preparing the MIP in this case. In a next step it will be necessary to test the sensors against the wild type of the virus. However, this is beyond the scope of this paper, not least because handling infective wildtype pathogens requires strict biosafety laboratories that are not available at the authors\' institutions.
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